A study of myelination with electron microscopy has been carried out on the spinal cord of young rats and cats. In ]ongitudinal and transverse sections the intimate relationship of the growing axons with the oligodendrocytes was observed. Early naked axons appear to be embedded within the cytoplasm and processes of the oligodendrocytes from which they are limited only by the intimately apposed membranes of both elements (axon-oligocytic membrane). In a transverse section several axons are observed to be in a single oligodendrocyte.
Extensive studies with polarized light (1), low angle x-ray diffraction (2-4) and electron microscopy (4) (5) (6) (7) have demonstrated that the myelin sheath of nerve fibers is a highly organized biological system consisting of concentric submicroscopical lamellae of a protein nature alternating with bimolecular layers of lipides with the axis in the radial direction (see also, reference 8). Attempts have also been made to correlate this macromolecular organization with the specific localization of chemical components in the myelin sheath (4) .
Most of these investigations refer to peripheral myelinated nerve fibers, but the concentric lami-* Work supported by a grant of the National Multiple Sclerosis Society of New York.
nated structure has also been demonstrated in fibers of the central nervous system. In these, a radial period of 120 to 130 A with a similar fundamental structure has been reported by Moran and Finean (4) . However, the authors report some slight distinguishing features both by electron microscopy and x-ray diffraction.
Our knowledge of the way in which this orderly molecular structure is built by the cells is far less certain. The process of myelination has been studied with the electron microscope mainly in peripheral nerves. The intimate relationship of the axon and Schwann cell membranes was demonstrated first in unmyelinated nerve fibers (9) . This relationship was observed by Geren and Raskind (10) and Geren et al. (11) (12) (13) (14) in the earliest stages of 651 myelination, and from these observations it was indicated that the sheath is laid down by the growth of the Schwann cell membrane (mesaxon) wound around the axon layer by layer in a circumvoluted manner. The development of the "jelly roll" structure implies either the rotation of the axon inside the Schwann cell cytoplasm or the migration of the Schwann cell many times round the axon. Although some criticism of thishypothesis has been raised (15) , in general it has received wide acceptance (4, 16, 17) .
An attempt to analyze myelination in the central nervous system in young rats and mice by Luse (18) did not reach definite conclusions regarding the site and mechanism of myelin formation. For her, myelination in the central nervous system "is not accomplished by the wrapping of the plasma membrane of a single c e l l " . . . "rather, it is the result of a plicating of glial m e m b r a n e s " . . , of many processes. In both Geren's and Luse's hypotheses emphasis has been laid on the surface membrane of the Schwann or glial cells and the possible contribution of the cell cytoplasm in the process of myelin synthesis is neglected.
Considering the problem of myelination in the central nervous system, in broader aspects, two important and controversial problems may be raised: (a) the determination of what cell or cell types are involved, (b) the determination of the mechanism by which these cells build the typical multilamellar structure of myelin. For many years, histologists and neurologists have attributed a role in central myelogenesis either to axons, oligodendroglia, or astroglia. Rio Hortega (19, 20) postulated that oligodendrocytes are involved in myelinogenesis; however, there was not direct proof of this in his well documented histological observations. The role of the axon in myelination, long ago supported by K611iker (21) , has recently been reconsidered by Hild (22) in studies of the central nervous system in tissue culture. Finally, Alpers and Haymaker (23) suggested that not only oligodendroglia but astroglia are implicated in myelination.
As was mentioned earlier, the cellular mechanism by which the myelin sheath of central nerve fibers is laid down and organized is practically unknown and no high resolution electron micrographs of this process have so far been published. The observations which are described here bear on the two above mentioned problems. They show the direct participation of the oligodendrocyte in myelination and that the mechanism of myelin synthesis is essentially intracellular and does not occur at the surface membrane of the oligodendrocyte.
Techniques
Several cats of 1 day to 2 months and white rats of 1 day to 57 days were used. Under nembutal or ether anesthesia the spinal cord was exposed and pieces of it were extirpated and immediately cut within the fixative into small parts. The procedure took less than 30 seconds. Pieces from different regions of the cord and also from the brain and cerebellum were fixed. Several buffered solutions of osmium tetroxide were used including the original by Palade (24) , one with addition of Ringer fluid (25) , another one containing ions and polyvinylpyrrolidone in isosmotic concentrations (26) and the potassium dichromate-osmium tetroxide mixture of Dalton (27) . The last two fixatives, used at 4°C. temperature and for a period of 2 hours, gave the best results.
The embedding was carried out in butyl methacrylate and in a mixture of butyl and methylmethacrylate (9:1) previously prepolymerized and submitted to a vacuum for 30 minutes. Polymerization was carried at 60°C. Sections were made with a Porter-Blum microtome and were selected by their silver or grayish interference colors. Golden sections were too thick for this kind of observation. Sections were mounted in formvar films and observed under an EMU-2E RCA electron microscope with a corrected objective lens.
Apertures of 250/~ in the condenser and of 250 # in the objective were used. Correction of the astigmatism introduced by the aperture was achieved with a Canalco external pole piece compensator. Control observations were made on silver and myelin-stained preparations.
OBSERVATIONS

Relationship of the Myelinating Axons with
Oligodendrocytes.--The process of myelination seems to follow a similar general pattern both in cats and rats. Our description will be based however mainly on the spinal cord of the cat. Transverse, oblique, and longitudinal sections were observed both in the grey and white matter. Different types of cells including neurons, astroglia, oligodendroglia and endothelial cells of capillaries were clearly differentiated. Our description of all these cell types coincides in general with that of Farqhuar and Hartmann (28) and Schultz et al. (29) , and will be considered at length elsewhere. The recognition of astrocytes and oligodendrocytes under the electron microscope is relatively simple as can be seen by comparing Figs. 1 and 3. The astrocyte nucleus is ovoid with dense accumulation of chromatin near the nuclear membrane and definite clear spaces of nuclear sap. However the most essential characteristic is the extremely clear E. DE ROBERTIS, H. M. GERSCHENFELD, AND F. WALD 653 cytoplasm that gives the cell a watery appearance (Fig. 1 ). This fact is observed in the entire cytoplasmic region including all the processes (ap) and the vascular feet (Fig. 2) . Within the cytoplasm few dense mitochondria and small and larger vesicles surrounded by dense particles can be observed. In Fig. 2 these vesicles are concentrated near the surface contacting the basement membrane of the capillary. A small Golgi complex is also shown (Fig. 1) .
The oligodendrocyte nuclei show round profiles with a double clear membrane and condensed blocks of chromatin with a fine filamentous structure, similar to that described in chromosomes (30) . Among the chromatin there are spaces of lesser density (nuclear sap) containing a dense particulate component (Fig. 3) . Very small and dense nucleoli have been observed in some sections. The cytoplasm is notably dense in young animals during myelination and shows lesser density in the adult. This is at variance with the exceedingly low density of astrocytes. Near the nucleus, within the cytoplasm of the oligodendrocyte, some profiles of endoplasmic reticulum interspersed with dense particles can be observed (Fig. 3 ). There are also membranes and profiles characteristic of the Golgi complex and round mitochondria of varying diameter.
In transverse sections of the white matter of the cord the intimate relationship of the axons with the oligodendrocyte may be observed (Fig. 3 ). Myelination progresses with age, but also in a single section of a young specimen different stages in the deposition of the myelin around the axons may be found (Figs. 3 and 4 ). These differences in myelination of nerve fibers within a specimen become attenuated with age. In the adult all the axons show well developed myelin sheaths, although of different thicknesses.
The longitudinal sections show the typical rows of oligodendrocytes aligned parallel to the axons. In young animals the continuity of cell boundaries is sometimes difficult to recognize. In the adult they become isolated by the intervening nerve fibers and the individuality of the oligocyte is more evident. In young animals, the transverse sections of the numerous axons that surround a single cell seem to be embedded within the peripheral cytoplasm and the expansions of the oligocytes. This relationship is much more intimate than that shown by the light microscope in silver stained preparations. Sometimes the axons are so close to the nucleus that they are almost in contact with the nuclear membrane. Within the axons, neuroprotofibrils, mitochondria, and some vesicular elements can be observed (see reference 30).
Process of Myelination.--In rats and cats between 1 and 20 days some naked axons were observed but their number diminishes and they tend to disappear with increasing age. The axons appear to be embedded within the cytoplasm and processes of the oligodendrocytes, from which they are limited only by the intimately apposed surface membranes of both elements. The resulting double membrane and the interspace will be called, here the axon-oligocytic membrane (AOM). The two adjacent membranes are of about 40 to 60 A in thickness and the intervening space may vary between 100 and 250 A becoming smaller with the growth and myelination of the axon. In the early axon these membranes are finely folded. With time the folds tend to disappear and the AOM becomes smoother and thinner (see Fig. 4 ). During the subsequent stages of myelination the AOM maintains its individuality and can be recognized as a less dense double membrane well separated from the myelin membranes that are laid down (see Figs. 3 to 6 and Text- fig. 1 ).
A series of macromolecular changes occur within the cytoplasm of the oligodendrocyte. In the neighborhood of the axons numerous polymorphous membranous profiles appear (Figs. 4 to 7) . Some of these are sections of vesicles or tubules of 200 to 800 A or more in diameter; others are large pieces of folded membranes that in the vicinity of the AOM seem to fuse to form the first myelin lamellae. In Fig. 4 two early myelinating axons and two more advanced ones can be observed. The number of deposited myelin lamellae is one in the earliest axon (Axl), 2 to 3 in Ax2 and nine in Ax.~. The first of the myelin lamellae becomes deposited at a distance varying between 200 and 600 A from the AOM and the following ones are laid down at shorter distances. These early myelin lamellae show an electron density that is definitely higher than in the AOM. At the beginning these lamellae are irregularly folded and show discontinuities (see the left axon of Fig. 6 ). That they arise from the coalescence of the vesicular and membranous profiles present within the cytoplasm, is indicated by the continuity that these components show among themselves' (see Figs. 4 to 7 and Text- fig.   1 In order to facilitate to the reader the observation of these continuities some of them are indicated with arrows followed by an asterisk in Figs. 6 and 7. (Fig. 6) or they may become fused among themselves to form large membranous structures that are the building stones of the myelin lamellae (see Figs, 4 to 6 and Text- fig. 1 ). This concept is reinforced by the finding of discontinuities within the individual early lamellae (Fig. 6) fact that some vesicular profiles may be seen virtually trapped between the individual myelin lamellae or in the space between myelin and the AOM (see Fig. 4 and Text- fig. 1 ).
In Fig. 6 one axon with five and in Fig. 7 another with six myelin lamellae can be observed. In both cases the continuity and parallelism of the membranes is not complete. In the following stages of 8 to 11 layers, the continuity within the single lamellae seems to be established and also the orderly array of the layers to form a smooth multilaminar structure (Figs. 6 and 7) . At this stage the number of lamellae is practically similar all around the axon, although at some points there may be 1 or 2 more layers being laid down. We have not found evidences of formation of typical Ranvier nodes in the myelinated fibers of the central nervous system. A few measurements of the resulting period of myelin gave figures oscillating between 77 and 87 A (see Figs. 6 and 7 (inset)).
Within some oligodendrocytes of very young cats myeloid bodies can be observed with a typical multilamellar structure surrounding a small cavity without an axon. These bodies that are also found in some Schwann cells of developing spinal roots and sciatic nerves are apparently formed by a similar mechanism of membrane synthesis within the cytoplasm.
DISCUSSION
The observations here described are indicative of the fundamental role played, in myelination, by the oligodendroglial cells of the white matter.
Our interpretation of the glial cell types is in agreement with the work of Farqhuar and Hartmann (28) and of Schultze et al. (29) . The extremely clear spaces described by Luse (18, 32) around some nerve fibers and interpreted as oligocytic processes, seem to us to correspond to astroglia or to retraction artifacts. In our electromicrographs oligocytes show a dense cytoplasm packed with elements of the endoplasmic reticulum and other membranous components. Luse (18) suggested that "centrally, many glial processes and their plasma membranes may be involved" upon the axon "rather than a single cell and its processes." On the contrary, in our observations several axons appear to be related to a single oligodendrocytic region in a transverse section. However in longitudinal sections it can be observed that different segments of the axon become related to different oligodendrocytes.
Although in a few cases membranes, that could be described as mesaxons, are observed, most of the axons appear to be entirely surrounded by the oligocyte cytoplasm and only limited by the axon oligocytic membrane (AOM). The scarcity of mesaxons in contrast with their frequency in peripheral unmyelinated and myelinated nerve fibers is difficult to explain. In peripheral fibers the mesaxon arises by the wrapping of the axon by the Schwann cell (10-13). The scarcity of mesaxons in central nerve fibers may result from a different axon-oligocyte geometrical arrangement or from the fact that the axons may "bore" their way through the cytoplasm of the oligodendrocytes early during morphogenesis. The fundamental role ascribed by Geren (10-13) to mesaxons in the myelination of peripheral nerve fibers is not confirmed in our observations in central myelination. It remains to be proved whether two mechanisms of myelination are involved in peripheral and in central nerve fibers. According to our observations, central myelination seems to be essentially a synthesis of membranous structures within the oligodendrocyte. This membranous material appears first as vesicles or tubules and then by a probable process of fusion the membranes and myelin lamellae are formed and deposited around the axons at a distance from the AOM. Whilst analyzing the myelination of a single axon two consecutive periods may be described; one involving the laying down of the first 5 to 6 myelin lamellae, in which the structure is still not well integrated, with discontinuities, folds, trapped vesicles, and irregular repeating periods. The second, probably starting with the formation of the 8th to the 10th myelin lamellae, in which the sheath acquires the regularly ordered and continuous multilamellar structure that is characteristic of the myelin sheath in the adult. This sequence of macromolecular changes occurring in central myelination is in agreement with other intracellular processes leading to the formation of highly developed lamellar lipoprotein structures. Thus Hodge (33) finds the chloroplast lamellae to arise by the fusion of small vesicular elements and De Robertis (34) describes the morphogenesis of the entire multilamellar structure of the outer segment of the retinal rod by a process of fusion of small vesicles and tubules present in the apical region of a primitive cilium. Multilamellar !ipoprotein structures in continuity with the tubules and vesicles of the endoplasmic reticulum have also been observed by Porter (35) in cells of the pigmented epithelimn of the retina. All these findings are suggestive of the role that vesicles and membranes of the endoplasmic reticulum may play in the synthesis of lipoprotein multilayered systems of which the myelin sheath is a special case.
The myeloid bodies with no relation to axons found, in the cytoplasm of some oligodendrocytes and Schwann cells, are probably an abnormal localization of the intense process of lipoprotein synthesis occurring during myelinogenesis.
It remains to be proved whether myelinogenesis of peripheral nerve fibers takes place by an essentially different mechanism involving only the surface membrane of the Schwann cell as is implicit in Geren's hypothesis. In all papers concerning peripheral myelination the fine structure of the Schwann cell cytoplasm has not been studied extensively. Observations are now being carried out in our laboratory in order to study this problem and to demonstrate what participation the Schwann cell cytoplasm has in the process of peripheral myelination.
Addendum.--After this paper was submitted for publication evidence was presented by Luse (36) and us (37) 
